Sealers are used to enhance concrete durability through their ability to prevent moisture penetration and chloride intrusion, and, consequently, improve the freeze-thaw performance of the concrete and prevent corrosion of the steel reinforcement, respectively. This paper summarizes the results of three years of comprehensive field and laboratory investigations, undertaken at The University of Manitoba, to study the effectiveness of boiled linseed oil and mineral spirits in comparison to a silane and a siloxane sealer. The field investigation examined the performance of the sealers applied to the concrete pavements of a city street, a provincial highway, and an airport apron in Winnipeg, Manitoba. The laboratory investigation included sealer penetration, salt-water absorption and vapour transmission, abrasion, chloride ion intrusion, surface scaling resistance, and rapid freeze-thaw cycling. Test results of the field and laboratory investigation indicated that boiled linseed oil and mineral spirits was the most effective sealer at reducing chloride ion intrusion. It was found that boiled linseed oil and mineral spirits was comparable to siloxane and much more effective than the silane at reducing salt-water absorption. The results also indicated that boiled linseed oil and mineral spirits was most effective at reducing surface scaling and remained effective when subjected to salt-water absorption after abrasion.
Introduction
In regions where temperatures fluctuate around O°C (32°F), concrete becomes susceptible to damage caused by freeze-thaw action. When salt is used on roads to control ice, salt solution can penetrate into the concrete, corrode the reinforcement, and lead to spalIing of the concrete. Both types of damage are dependent on the degree of concrete saturation and the percentage of salt in solution. To enhance concrete durability, sealers are applied to the concrete surface to hinder the absorption of water and salt solution.
ronments, there is still need to specify the use of sealers to enhance durability of the concrete.
In the late 19605, linseed oil-based sealers were commonly used as anti-scaling compounds and chloride screens for concrete pavements. Linseed oil is a natural product of the flax plant, a common crop found in the prairie regions of North America. During this period, a number of studies were undertaken by Grieb and Appleton (1964) , Snyder (1965) , Stewart and Shaffer (1969) , and Ryell and Chojnacki (1970) , to evaluate the effectiveness of sealers in enhancing concrete durability. Linseed oil sealers were found to be effective in delaying the onset of scaling in concrete but required periodic surface re-treatment to provide long-term protection of the concrete. An economic analysis by Toichoa and Prentice (1992) , involving a cost-benefit study, found that linseed oil is an economical and effective method of enhancing concrete durability.
With the advent of air-entrainment, a proven and accepted method of providing protection against frost damage, the interest in concrete sealers seemed to diminish. However, in practice, it was found that adequately air-entrained concrete is nevertheless often damaged by spalling of the concrete surface which is caused by expanding pressures from corroding steel reinforcement. Also, improper finishing procedures that drive water to the surface result in a weak surface layer that is susceptible to freeze-thaw action when critical amounts of moisture is absorbed. Thus in harsh envi-NOTE: Written discussion of this paper is welcomed and will be received by the Editor until February 28, 1994 (address inside front cover).
Printed in Canada J Impriml! au Canada More recently, interest has been in the use of silane and siloxane sealers which are silicone-based molecules with alkyl groups linked to the silicone atom. When applied to concrete, a chemical reaction occurs and creates a hydrophobic layer that has been found to be effective in hindering the ingress of chloride laden water while allowing water vapour to escape upon drying (Pfeifer and Scali 1981; Carter and Forbes 1986; Aitken and Litvan 1989) . Because sil~nes and i10xanes chemically react with the concrete, it IS often ~ought that re-treatment is not required. However, if sealers re to be used on bridge decks and concrete pavements, the ~rvice life of a sealer. ~ecomes dependent on its e!fec~veness under abrasive condItl.ons and !he depth to whl~h It penetrates, a subject on which there IS currently very little mformation available.
It is widely agreed in the literature, as reported by Adkins (1986), Carter (1991), and Whiting (199~) , that an applicable and economical procedure for evaluatmg concrete sealers does not currently exist. A combination of actual field applications, where sealers were studied in-situ, plus a variety of applicable laboratory experiments, which simulated rele~ant environmental conditions over an accelerated period of time, was conducted at The University of Manitoba to thoroughly study and evaluate the behaviour and performance of the concrete sealers involved. A test procedure was developed for the purpose of simulating abrasive effects, as an accepted approach was not readily available.
Objective and scope The primary objective of this research was to evaluate the effectiveness of boiled linseed oil and mineral spirits as a concrete sealer and compare its performance with a silanebased sealer and a siloxane-based sealer. The study consisted of field and laboratory investigations. using the following sealers: boiled linseed oil and mineral spirits (1: 1), an alkylalkoxy-silane, and an oligomeric siloxane.
In the field investigation, sealers were applied to sections of concrete pavement at three different sites. Concrete cores were extracted from coated and uncoated areas of the pavements to determine the effectiveness of the sealers at inhibiting chloride ion intrusion and salt-water absorption.
Laboratory tests were performed to provide data independent of the field investigation. The laboratory investigation included the following tests: penetration, salt-water absorption, vapour transmission, abrasion, chloride ion intrusion. surface scaling resistance. and rapid freeze-thaw tests. All laboratory tests were repeated several times to confirm and substantiate the results. For the remainder of this paper, boiled linseed oil and mineral spirits will be referred to simply as linseed oil. All proper construction prllctice were consistently followed, induding surface preparation and dosage rate of application of all sealers.
Field investigation field investigation was conducted to evaluate the ~ivene,s! of the different sealers under actual service based on depth of sealer penetration, salt-water and chloride ion intrusion. The sealers were to a 7-day-old concrete city street and highway and !-v'eal'-old concrete of an airport apron in Winnipeg, At each site, 15 x 23 m (50 x 75 ft) sections for each type of sealer, with one section left for comparison. AIl sealers were applied using a spray apparatus, as shown in Fig. 1 . after application of the sealers, two 57 mm OlaLDlI:ter cores were extracted from the concrete O~',LlUU at each site. One set of cores was used to sealer penetration depth while the second set of used to measure salt-water absorption. In the the two following years, two further sets of cores were extracted. One set of cores was used to measure saltwater absorption while the other set of cores was used to measure chloride ion intrusion.
Sealer penetration
The sealer penetration depth was determined by immersing the core samples in water to delineate the depth to which each sealer penetrated. A ruler with an accuracy of 0.01 mm (0.0004 in.) was used to make three measurements which were averaged for each core. The penetration depth at the airport was unmeasurable, possibly because of the age and the low permeability of the concrete at this site. The measured penetration depths of the sealers at the city street and highway test sites are given in Fig. 2 . The difference in penetration depths of the silane sealer at the street and highway sites could be attributed to the windy conditions at the highway site at the time of sealer application, which possibly lead to the evaporation of the silane sealer before it could adequately penetrate. Aitken and Litvan (1989) found that the depth of sealer penetration was dependent on the viscosity of the sealers. Another possibility could be that the difference in chemical characteristics of the concrete at the various sites may have influenced the reaction rate of the silane and siloxane, and thus the depth to which the sealer penetrates.
These results are in agreement with the findings of a comparative evaluation which indicated that linseed oilbased sealers penetrated deeper into concrete than all 58 of the other products tested, including silanes and siloxanes (Carter and Forbes 1986) .
Salt-water absorption
To measure the salt-water absorption characteristics of the concrete core samples, a simple dyke was formed by attaching the upper portion of a styrofoam cup around the sealed surface of each core. The outside surfaces were coated with epoxy to prevent ambient conditions from influencing the moisture levels in the samples. A 151170 sodium chloride solution was maintained on the sealed surface for 21 days, with weight measurements taken at selected intervals. The measured average total absorption, relative to the uncoated concrete, is shown in Fig. 3 . The results indicate that the effectiveness of the silane and siloxane sealers diminished over time. This was especially evident for the cores extracted from the street and highway locations. The behaviour of linseed oil, represented by the solid bars, indicates that it was the most effective sealer and this behaviour was consistent for the 2 years. The relative average absorption range increased from 0.2 to 0.38 at the city street site after 2 years. Whereas for the silane and siloxane, the value increased from approximately 0.2 to over 1.3 by the end 0 2 years. The same behaviour was also observed at the high way site. The inconsistent behaviour at the airport, for tho three sealers, could likely reflect the low permeability of th' concrete at this site.
Chloride ion intrusion
To measure the amount of chloride ion intrusion at tho test sites, the top 2 mm (0.08 in.) of the core sample wa ground off to remove the sealed layer and any salt accumu lation. A 6 mm (0.25 in.) disc was then cut from the top section of the remaining core. These samples were then analyzed using silver nitrate titration by the independent laboratory of Warnock & Hersey of Winnipeg.
The relative chloride ion contents measured at the two sites are presented in Fig. 4 . The results indicate that at the street location, linseed oil had a relative chloride ion content of 0.22, whereas silane and siloxane had values of 0.54 and 0.59, respectively. Similar behaviour was found for the highway test site. The test results of the following year indicate that the effectiveness of the sealers, in general, diminished. The sections sealed with linseed oil continued to have relative chloride ion contents considerably lower than the silane-and siloxane-sealed sections. Ballew and Highlands (1989) found also that linseed oil proved to be more effective at restricting chloride intrusion when compared to silanes. The airport site was not considered, as deicing salts were not used at that location.
Laboratory investigation Laboratory tests were conducted at the Structural Engineering and Construction Research and Development Facility at The University of Manitoba. When available, standard or widely accepted test procedures were used. A new approach was used to evaluate the effectiveness of sealers under abrasive environments, as a widely accepted method does not currently exist.
Test specimens
The concrete mix proportions for the cube, prism, and slab specimens used in this investigation are given in Table 1 . To provide specimens that would accentuate the performance of the sealers tested, a relatively high water-cement ratio was used. All concrete used was air-entrained. Additional specimens, used in the surface scaling resistance and rapid freeze-thaw tests, were cast without air-entrainment. The measured air contents ranged between 50/0 and 6% for concrete with air-entrainment and between 1 % and 3% for COlocrete witout ai.r-entrainment. The mix design used was on that used for the construction of the Winnipeg test site. Steel moulds were used to cast the 76 mm (3 in.) cube and the 76 x 76 x 356 mm (3 x 3 x 14 in.) prism specimens.
Plywood moulds were used to cast the 254 x 254 x 76 mrn (10 x 10 x 3 in.) slab specimens. The concrete set after approximately 4 hours under normal laboratory conditions. The tops of slab specimens were brush finished. For the first 24 hours, all specimens were kept in the moulds. Once removed, the specimens were placed in plastic bags with a small quantity of water to simulate field conditions, and cured for 14 days at 23°C (73°F) and 1000/0 relative humidity (RH). After curing, specimens were dried at 23°C (73°F) and 50% RH. The drying period varied, depending on the test for which the specimens were to be used. The cube and prism specimens were lightly sandblasted before the application of the various sealers. Slab specimens were fitted with a wooden dyke, 19 mm (0.75 in.) high, attached to the top surface of each specimen using a mUltipurpose adhesive. Each sealer was applied using a soft bristled brush at the rate of 3.07 m 2 /L (125 ft2/U.S. gal.) for all specimens tested. The application rate used was considered generous and was within the ranges specified by the suppliers and manufacturers. Duplicate specimens were used for all of the tests.
Sealer penetration test
Cube specimens were allowed to dry at 23°C (73°F) and 500/0 RH for 14 days prior to and 45 days after sealer application. To initiate a uniform split, each cube was cut to a depth of approximately 64 mm (2.5 in.) using a dry friction concrete saw and then broken into two halves. Each half was immersed in tap water for approximately I minute to delineate the depth to which the sealers had penetrated. Using a digital calliper, with an accuracy of O.Olmm (0.0004 in.), three readings were made to determine the average depth of penetration.
The measured values, shown in Fig. 5 , indicate that the penetration depth of the linseed oil was approximately twice that of the silane and three times that of the siloxane. Carter and Forbes (1986) reported that linseed oil penetrated to a depth of approximately 2.3 mm (0.09 in.), whereas the penetration depth of silanes ranged from 0.2 to 2.0 mm (0.008 to 0.08 in.) and the siloxanes penetrated to a depth of 0.5 mm (0.02 in.). Contrary findings were presented by Aitken and Litvan (1989) , which indicate that the linseed oil sealer penetrated to a depth of less than 0.3 mrn (0.01 in.) and silanes and siloxanes penetrated to average depths of 2.1 mm (0.08 in.) and 2.2 mm (0.09 in.), respectively.
Salt-water absorption test
The test was based on the procedure used by the National Cooperative Highway Research Program, Report 244f (Pfeifer and Scali 1981), Cube specimens were dried at 23°C.: (73°F) and 50010 RH for periods of I, 14, or 28 days pri or .\ 
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FIG. 7. Reduction in total water content for laboratory test specimens air dried for 28 days prior to and 7 days after sealer application. to and 7 days after sealer application. Variation in the drying time prior to sealer application was used to evaluate the effect of concrete age on sealer performance. For each I sealer, two cubes were used to measure the salt-water absorp-I tion and one cube was used to determine the moisture con-I tent. Specimens were immersed in a 15 "10 sodium chloride ) solution for 90 days. At selected intervals, specimens were f removed from the containers, blotted dry with a paper towel to remove excess surface water, weighed, and then reo immersed in the solution. The weight gain was used to deterthe salt-water absorption of the specimens. A simple ge!sic(:at:inl! apparatus was used to determine the moisture of specimens prior to testing. The moisture content absorption values measured were added to determine water content.
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The reduction in total water content, relative to the uncoated specimens, for linseed oil-sealed specimens air dried for I, 14, and 28 days prior to and 7 days after sealer application, is given in Fig. 6 . The results suggest some improvement in the effectiveness of linseed oil by allowing the concrete to mature to its nominal full curing age of 28 days. Silane and siloxane were not as dramatically affected as was the linseed oil.
The reduction in total water content for specimens dried for 28 days prior to and 7 days after application of the three sealers considered in this investigation is given in Fig. 7 . The results suggest that siloxane was the most effective sealer. Silane was initially effective, but after a short period became less effective in comparison to linseed oil.
To study the effect of drying time after coating, a set of 2 . 5 . specimens dried for 14 days prior to and 45 days after sealer application was tested. The results of 7 and 45 days drying time are given in Fig_ 8_ The behaviour indicates that the increase in drying time after sealer application reduces the total water content. This phenomenon was more pronounced for the linseed oil-sealed specimens. It should be noted also that the behaviour of the silane was similar to the previous results by being effective for a period of approximately 3 weeks and then becoming significantly ineffective in comparison to the other two sealers.
---------------------
Vapour transmission test
After completion of the salt-water absorption test, the same specimens were air dried at 23°C (73°F) and 50% RH, and weight measurements were made at selected intervals over a period of 90 days. The weight loss of the specimens, I relative to the final weight after completion of the absorption i test, was used to determine the percentage of vapour transmission.
In Fig. 9 , siloxane appears to be the least effective sealer according to the vapour transmission test results. However, I it should be noted that, because of the effectiveness of' siloxane at reducing salt-water absorption, the amount of ~ moisture in the specimens sealed with siloxane at the end I of the salt-water absorption test was much less than that in S the other sealed and unsealed specimens. Therefore, differ-, ences in moisture contents at the beginning of the vapour' transmission test was the main variable which interfered with C the interpretation of test results. In future work, the authors a recommend that before testing a sealer for vapour trans-! 1_ TEST1_ TEST 2 I FIG. 11. Chloride ion content levels, relative to uncoated specimens for laboratory test. mission characteristics, the moisture content in all the test specimens should be set to the same level.
Abrasion test
Cube specimens were dried at 23°C (73°F) and 500/0 RH for 14 days prior to and 45 days after sealer application. To evaluate the effectiveness of sealed concrete exposed to an abrasive environment, the top 0.5 mm (0.02 in.) was removed from one face of each of the sealed and unsealed specimens using a precision grinding machine fitted with a carborundum wheel. The specimens were then immersed in a 15% sodium chloride solution for 45 days and the weight change due to absorption was monitored. Duplicate nonabraded specimens were also tested and used as comparison specimens.
The percentage absorption of solution in abraded specimens, relative to the non-abraded specimens of the same type of sealer, is shown in Fig. 10 . The results show that specimens sealed with linseed oil were unaffected by abrasion, as indicated by the constant absorption ratio. This could be due to its greater depth of penetration in comparison to the other sealers, as previously discussed. The silane and siloxane sealed specimens were dramatically affected, as evidenced by the significant increase in absorption. It should be noted that this proposed approach is qualitative, not quantitative.
Chloride ion intrusion test
The test followed AASHTO T259-80 "Standard test for chloride ion intrusion into hardened concrete" (AASHTO CAN. 1. CIV. ENG. VOL. 20. 1993 UN, uncoated. 1986 ). Slab specimens were air dried at 23°C (73°F) and 500/0 RH for 7 days prior to and 7 days after sealer application. A 4% sodium chloride solution was maintained on the top surface of the sealed specimens at a depth of approximately 13 mm (0.5 in.). A glass plate was used as a cover to retard evaporation. The slabs were stored in this manner for a total period of 90 days, after which the solution was removed. Specimens were dried for 7 days and the salt accumulation was removed using a wire brush. The precision grinder was used to remove the top 2 mm (0.08 in.) layer of concrete. A dry friction concrete saw was used to obtain 6 mm (0.25 in.) thick samples from the specimens. Duplicate specimens provided two sets of samples.
The percentage of chloride ion content, relative to the uncoated specimen, shown in Fig. II, clearly indicates that the linseed oil and siloxane sealers are more effective than the silane sealer. These results were similar to those reported by Ballew and Highlands (1989) , who found that the average chloride content for linseed oil-sealed specimens was 2.0 Ibs/cubic yard, compared with that of 3.4 Ibs/cubic yard for a silane specimen.
Scaling resistance test
The test was based on ASTM C672-84 "Scaling resistance of concrete surfaces exposed to deicing chemicals" (ASTM 199Oa) . Slab specimens were air dried at 23°C (73°F) and 50% RH for 14 days prior to and 45 days after sealer appli· cation. A 4D70 sodium chloride solution was maintained on the surface of the specimen to a depth of 13 mm (0.5 in.). The slabs were subjected to 60 cycles of freezing for 16 hours at -24°C (-11.2°F) and thawing for 8 hours at 23°C (73°F). After every 5 cycles, the scaling was collected from each specimen, washed, dried, and then weighed.
The measured weight loss of specimens cast with an~ without air-entrainment is given in Figs. 12 and 13 , respec· tively. For air-entrained concrete, the results indicate thai siloxane was the most effective and linseed oil being com-J parable. Silane was moderately effective up to 15 cycles. Linseed oil was the most effective for non-air-entraineli ' concrete. The concrete treated with the silane deteriorateli \ rapidly after 20 freeze-thaw cycles and showed more damage than the uncoated specimen. Similar results were reportee: by Pfeifer and Scali (1981) , Rollings and Chojnacki (I 988} i and Husbands and Causey (1989) , where linseed oil wa; j effective in reducing scaling, and silane-based sealers werl ( found to experience more damage than the uncoated speci c mens. The photograph of the top surface of four test speci s mens, shown in Fig. 14, clearly 
Rapid freeze-thaw test
The test was based on ASTM C666-84 Procedure A "Resistance of concrete to rapid freezing and thawing in water" (ASTM 1990b) . Prism specimens were air dried at 23°C (73°F) and 50lt!o RH for 7 days prior to and 7 days after sealer application. The prism specimens were soaked in water for 2 days before being placed in the chest freezer. At selected intervals, all specimens were removed and frequency of vibration measurements were made to determine change in stiffness of the tested specimens. The surface scaling collected at each test period was used to graph the material loss for sealed and unsealed specimens versus number of freeze-thaw cycles. Measurements continued until 250 cycles had been completed.
Specimens cast without air-entrainment displayed behaviour similar to the air-entrained specimens, except the degree of deterioration was much greater. The measured reduction in stiffness for air-entrained concrete is shown in Fig. 15 . The results generally indicate that the reduction in stiffness of specimens sealed with the siloxane and silane sealers is greater than that of the linseed oil and uncoated specimens. Confirmation of the behaviour of the test specimens was also observed for the measured mass loss, shown in Fig. 16 . Reports by Manson et al. (1983) and Cady et al. (1984) also indicate extreme degrees of damage to silane-sealed specimens that undergo this test. In a study involving only linseed oil-sealed specimens, Rezansoff and Stott (1990) found that linseed oil enhanced the durability of the concrete tested.
It is speculated by Perenchio (1988) that significant hydraulic pressures are developed when specimens soaking in water and subjected to rapid rate of freezing overcome the hydrophobic layer created by the silanes or siloxanes. When the specimens are thawed, the hydrophobic layer of concrete acts to prevent the escape of the water and the specimens very quickly become critically saturated and experience severe surface scaling.
Based on dramatic behaviour of the silane and siloxane sealers in this test, it is the authors' opinion that ASTM C666 is inappropriate for use as a test for evaluating concrete sealer effectiveness.
Summary and conclusions
Field and laboratory investigations were undertaken to examine the effectiveness of linseed oil as a concrete sealer, as compared to several commercially available sealers. The field investigation included concrete pavements at a city street, a provincial highway, and an airport apron. The performance evaluation was based on chloride ion intrusion and salt-water absorption as measured by representative core samples. The laboratory investigation consisted of various tests including depth of penetration, salt-water absorption and vapour transmission, abrasion, chloride ion intrusion, surface scaling resistance, and rapid freeze-thaw.
Based on the test results, the following conclusions can be summarized as follows:
I. Penetration depth of sealers could be influenced by age and permeability of concrete, reaction characteristics of the sealer, and the weather conditions at the time of application.
2. The field investigation indicated that linseed oil was the most effective sealer at reducing salt-water absorption and at reducing chloride ion intrusion.
3. The laboratory investigation indicated that (i) when linseed oil is allowed to adequately dry after coating, its ability to reduce total water content in specimens immersed in salt solution was comparable to siloxane and better than silane; (ii) silane and siloxane sealers allowed more water vapour transmission through the sealed concrete layer, compared to the linseed oil sealer; (iii) specimens sealed with linseed oil were unaffected by abrasion, compared with the silane and siloxane sealers which were significantly affected; and (iv) linseed oil was more effective or comparable with the siloxane sealer at reducing surface scaling.
4. It was observed that silane was initially moderately effective at reducing surface scaling but eventually promoted surface damage.
5. ASTM C666-84 Procedure A is not recommended for the evaluation of concrete sealer effectiveness.
